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Summary 
Expression of the type II voltage-dependent sodium 
channel gene is restricted to neurons by a silencer 
element active in nonneuronal cells. We have cloned 
cDNA coding for a transcription factor (REST) that 
binds to this silencer element. Expression of a recom- 
binant REST protein confers the ability to silence type 
II reporter genes in neuronal cell types lacking the na- 
tive REST protein, whereas expression of a dominant 
negative form of REST in nonneuronal cells relieves 
silencing mediated by the native protein. REST tran- 
scripts in developing mouse embryos are detected 
ubiquitously outside of the nervous system. We pro- 
pose that expression of the type II sodium channel 
gene in neurons reflects a default pathway that is 
blocked in nonneuronal cells by the presence of REST. 
Introduction 
The mechanisms underlying regulation of genes ex- 
pressed exclusively in neurons are only beginning to be 
elucidated (reviewed by Mandel and McKinnon, 1993; 
Lewin, 1994). One successful approach has been to iden- 
tify, by use of genetic and homology cloning techniques, 
the factors responsible for the acquisition of a neuronal 
phenotype during development. For example, several 
genes encoding basic-helix-loop-helix transcriptional fac- 
tors have been identified that have been shown to be nec- 
essary for the differentiation of sensory neurons in inverte- 
brates (reviewed by Ghysen et al., 1993; Jan and Jan, 
1995; Zhao and Emmons, 1995) and for the differentiation 
of autonomic neurons in the mammalian peripheral ner- 
vous system (Guillemot et al., 1993). It is reasonable to 
propose that similar classes of basic-helix-loop-helix pro- 
teins are required for the induction of genes expressed in 
neurons of the central nervous system (CNS). However, 
such "proneurar' genes for the vertebrate CNS have yet 
to be identified. Rather (and quite surprisingly), previous 
studies of a gene encoding a protein critical for neuronal 
function, the type II sodium channel, suggested an alterna- 
tive strategy of regulation (Maue et al., 1990). These stud- 
ies indicated that a novel transcriptional silencing activity 
controls type II gene expression in CNS neurons by re- 
stricting its expression everywhere else. DNase foot- 
printing and functional studies showed that a silencing 
activity present in skeletal muscle and in a neuronal cell 
line that does not express the type II gene was mediated 
by a 23 bp DNA element, termed RE1 (Kraner et al., 1992). 
Although RE1 -like sequences have been identified as cell 
type-specific silencers in the SCGIO (Wuenschell et al., 
1990; Mori et al., 1992), synapsin (Li et al., 1993), and 
dopamine I~-hydroxylase genes (Ishiguro et al., 1993), 
genes that are expressed exclusively in the mammalian 
nervous system, none of these studies has resolved the 
mechanism by which silencing occurs. 
We now report the cloning and characterization of cDNA 
encoding an REl-silencing transcription factor (REST) that 
mediates silencing of type il reporter genes. The recombi- 
nant REST protein is sufficient o silence the type II pro- 
moter in reporter genes when introduced into neuronal 
pheochromocytoma (PC12) cells (Green and Tischler, 
1976) that lack endogenous REST activity. Expression of 
a dominant negative form of REST derepresses the cloned 
type II promoter in skeletal muscle (L6) cells, presumably 
owing to competition with the endogenous REST silencer 
protein. During mouse embryogenesis, the REST gene is 
expressed to high levels in nonneuronal and differentiated 
peripheral nervous tissues, but is not expressed in differ- 
entiating neurons in the CNS. We propose that REST is 
a required component of a silencing mechanism that blocks 
the default transcription of the type II gene in nonneuronal 
cells and in neuronal cell types outside the CNS. This ge- 
netic strategy results in the restriction of membrane excit- 
ability characteristic of neurons in the CNS. 
Results 
REST Is a Multizinc Finger Protein with Homology 
to the KrLippel Repressor Class of Zinc Fingers 
A 23 bp silencer element (RE1) in the type II sodium chan- 
nel gene is required to restrict expression of type II reporter 
genes to neuronal cells. Binding activity for the type II RE1 
is present in nonexcitable cell types such as HeLa cells, 
as well as in excitable cell types like muscle that express 
members of the sodium channel gene family other than 
type II. We adapted the yeast in vivo one-hybrid genetic 
screen (Wang and Reed, 1993; Li and Herskowitz, 1993; 
Dowell et al., 1994) to isolate HeLa cell cDNAs encoding 
the putative DNA-binding domain of the cognate silencer 
protein (see Experimental Procedures). Three yeast colo- 
nies were isolated, from approximately 4 x 106 colonies 
screened, that exhibited the desired H/S3-positive I~-galac- 
tosidase-positive phenotype. The HeLa cell GAL4 cDNAs 
were isolated from the three yeast colonies and introduced 
separately into another yeast strain containing mutated 
type II silencer elements fused to the same reporter genes. 
Transformation of the mutant yeast cells with the cDNA 
clones did not confer growth in nutrient agar lacking histi- 
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Figure 1. The Predicted Primary Structure of REST Contains Nine 
Zinc Fingers, a Highly Basic Region, and a Novel Repeated Motif 
(a) The predicted primary structure of the REST protein. The zinc 
fingers are underlined, and the novel repeated motif is boxed. 
(b) Relationship of deduced translated and nontranslated regions of 
REST mRNA. The thin bar illustrates the REST mRNA deduced from 
cDNA cloning and 5' RACE. The ORF is shown as a thick bar. The 
positions of the nine zinc (Zn) fingers (closed boxes) within the ORF 
are indicated. The six reiterations of the novel proline-rich motif are 
also shown (closed triangles). The conserved residues in the reiterated 
sequence are stippled in the inset below the triangles. 
dine, and, unlike the case for the wild-type yeast strain, 
none of the transformants turned blue within the first sev- 
eral hours of exposure to the chromogenic substrate (data 
not shown). 
Sequence analysis of the three cDNAs indicated that 
they represented overlapping regions of the same mRNA. 
The longest of the cDNAs (clone p73; 1457 bp) encoded 
485 amino acids of the putative DNA-binding domain. 
Eight putative zinc fingers were identified between amino 
acids 106 and 357. The other two cDNAs encoded varying 
numbers of zinc fingers. The cDNAs were used to screen 
a XZAP cDNA library prepared from HeLa cell mRNA. Two 
overlapping cDNAs were combined to form an open read- 
ing frame (ORF) that encodes the entire REST protein 
(1097 amino acids; Figure la). The deduced molecular 
mass of the protein is 121 kDa. The 5' terminus of the 
mRNA was determined by 5' rapid amplification of cDNA 
ends (RACE) (Frohman, 1993) to be 326 nt upstream from 
the first methionine. This methionine residue conforms to 
a Kozak initiator sequence. When the cDNA of clone p73 
was used as a probe in Northern blot analysis, an approxi- 
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Figure 2. The Cloned REST cDNA Encodes a Protein of the Same 
Size as the Endogenous REST Protein in Nonneuronal Cells 
(a) Northern blot an alysis of REST m RNA in Hela cells. The 28S marker 
refers to the position ofmigration of the large rRNA subunit. 
(b) Western blot analysis of endogenous REST protein in rat L6 skeletal 
muscle and PC12 nuclear extracts. The bars indicate molecular mass 
markers of 200, 116, and 97.4 kDa. 
(c) Western blot analysis comparing the apparent molecular mass of 
endogenous REST protein (L6 muscle cells) and recombinant REST 
protein in PC12 cells transfected with a CMV-REST expression vector 
(tPC12). Molecular mass markers are the same as that shown in (b). 
mately 7.6 kb mRNA was identified in HeLa cell mRNA 
(Figure 2a), consistent with a long 3' nontranslated region. 
The absence of a polyadenylation site in the cloned cDNA 
indicates that the entire 3' nontranslated region has not 
yet been isolated. 
Scrutiny of the entire coding sequence of REST re- 
vealed several interesting features. In addition to the clus- 
ter of eight zinc fingers at the amino terminus, a lone zinc 
finger was detected just upstream of the translational stop 
codon (see Figure la). All of the zinc fingers predicted 
by the mRNA sequence are of the C2H2 type and exhibit 
homology with the zinc fingers in the Drosophila repressor 
protein Kreppel (Bellefroid et al., 1991). Directly adjacent 
to the putative DNA-binding domain is a region high (26%) 
in basic amino acids, followed by a region enriched in 
proline residues (21%). The latter region is encoded by a 
repetitive portion of DNA encoding six repeats of the amino 
acid sequence, shown aligned in the inset of Figure lb. 
A consensus nuclear localization signal was identified 485 
amino acids upstream of the translational stop codon. 
REST Is Expressed to High Levels in Cell Types That 
Do Not Express the Endogenous Type II Sodium 
Channel Gene 
Most studies of rat type II sodium channel gene regulation 
have exploited rat transformed cell lines that express rep- 
resentative phenotypic traits of different issue types. For 
example, the rat L6 skeletal muscle cell line does not ex- 
press the type II sodium channel gene and contains RE1- 
binding activity. In contrast, neuronal PC12 cells express 
the type II sodium channel gene, consistent with the lack 
of type II REl-binding activity. Therefore, differential ex- 
pression of REST and the type II sodium channel was 
examined initially in these same cell lines. 
Rabbit antibodies directed against a REST-glutathione 
S-transferase (GST) fusion protein were used in Western 
REST-Mediated Silencing of Neuron-Specific Genes 
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Figure 3. Expression of the Endogenous REST and Type II Sodium 
Channel Gene Is Reciprocal in Different Cell Types 
Two Northern blots run in parallel with 4 gg of poly(A) ÷ RNA from L6, 
DRG, and PC12 cells were hybridized independently with either a 
REST probe (lower panel) or with a type II sodium channel probe (upper 
panel). The non-type II-expressing rat cell types (L6 skeletal muscle 
and DRG) express high levels of REST transcripts, while neuronal 
PC12 cells, which express the type II gene, do not. The type II/IIA 
sodium channel m RNAs are alternatively spliced products of the same 
primary transcript. 
blot analyses of L6 and PC12 nuclear proteins to ex- 
amine the molecular mass of the native REST protein and 
to establish the presence or absence of REST in type II- 
expressing PC12 cells. In blots of L6 nuclear proteins, 
a strongly reactive band was observed with an apparent 
molecular mass of 116 kDa (Figure 2b). This mass com- 
pares favorably with the molecular mass of 121 kDa de- 
duced from the primary sequence of the cloned REST 
cDNA. As expected, no strongly reactive protein species 
was detected in the blot of PC12 nuclear proteins (Figure 
2b). However, upon longer exposure, a faint band at 116 
kDa could be seen (data not shown), suggesting that REST 
is expressed at relatively low levels in PC12 cells. Western 
blot analysis of nuclear proteins from PC12 cells transfected 
with cDNA encoding the complete REST ORF under con- 
trol of the cytomegalovirus (CMV) promoter revealed a 
major protein species of 116 kDa. This result confirms that 
the molecular mass of REST encoded by the cloned cDNA 
is the same as that of the endogenous REST protein (Fig- 
ure 2c; see below). The blots of nuclear proteins from both 
L6 cells and transfected PC12 cells revealed a minor dif- 
fused reactive band at a more slowly migrating position, 
which may be indicative of posttranslational modification. 
This possibility is presently under investigation. 
Northern blot analyses were also performed to examine 
the expression patterns of REST and type II mRNA. As 
suggested by the Western blot data, L6 skeletal muscle 
cells (Figure 3), which do not express the type II sodium 
channel but do express a different member of the sodium 
channel gene family, expressed REST mRNA to a high 
level. In contrast, PC12 cells (Figure 3), which express 
the type II gene as well as at least one additional sodium 
channel type (D'Arcangelo et al., 1993), expressed only 
extremely low levels of REST transcripts. 
Because the type II sodium channel gene is expressed 
preferentially in the central rather than peripheral nervous 
system, it was possible to ask whether REST and type II 
gene expression were complementary within the nervous 
system. Northern blot analysis indicated that mRNA from 
the dorsal root ganglia (DRGs) (Figure 3) of newborn ani- 
mals contained high levels of REST transcript and ex- 
tremely low levels of type II mRNA, perhaps representing 
type II sodium channel expression in a small subpopula- 
tion of neurons. The hybridization data taken together are 
consistent with the idea that the presence of REST acts 
to restrict type II gene expression in nonneural tissues, 
as well as in distinct subpopulations of neurons. 
REST Immunoreactivity Is Present in the Native 
Protein Complex That Binds to the Type II RE1 
Nuclear extracts from cell types that do not express the 
type II gene contain a binding activity for the type II RE1 
that can be demonstrated as a shift using nondenatudng 
polyacrylamide gel electrophoresis (Kraner et al., 1992). 
To determine whether REST epitopes could be detected 
in these native complexes, we generated antibodies raised 
against a REST-GST fusion protein (see Experimental 
Procedures) and used them in gel retardation analyses 
with the type II RE1. Nuclear extracts were prepared from 
HeLa cells, rat L6 skeletal muscle cells, and primary cul- 
tures of rat skeletal muscle myoblasts, all of which contain 
REl-binding activity. In all cases, incubation of the REST 
antibody with the nuclear extracts resulted in a super- 
shifted complex that did not migrate upon entering the gel, 
indicating the presence of REST epitopes in the binding 
complexes (Figure 4). The presence of preirnmune serum 
in the reactions had no effect on probe mobility (Figure 
4), and the immune serum did not supershift probes de- 
rived from the promoter egion of the type II gene or from 
the enhancers of other genes (data not shown). The pres- 
ence of REST immunoreactivity in HeLa and rat skeletal 
muscle cells is consistent with the idea that REST is re- 
sponsible for the biological activity of the RE1 element. 
Expression of REST Is Sufficient to Silence Reporter 
Genes Containing the Type II RE1 in PC12 Cells, 
and When a Dominant Negative Form of REST Is 
Expressed in Nonneuronal Cells, It Derepresses 
the Type II Promoter 
The above results suggested that expression of recombi- 
nant REST might be sufficient to silence type II sodium 
channel reporter genes in cells, such as PC12 cells, that 
lack endogenous REST activity. To test this idea, we fused 
a cDNA encoding the entire REST protein to the CMV 
promoter in the REST-Express vector and cotransfected 
it into PC12 cells with type II chloramphenicol acetyltrans- 
ferase (CAT) reporter genes containing the RE1. The data 
presented in Figure 5 (representative of three separate 
experiments) indicate that CAT activity from the reporter 
gene was decreased by approximately 10-fold in the pres- 
ence of recombinant REST. Reporter genes containing 
the REl-related SCGIO silencer element upstream of the 
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Figure 4. REST Epitopes Are Present in RE1- 
Binding Complexes in Nuclear Extracts of 
Non-Type II-Expressing Cell Types 
Autoradiogram of gel retardation analyses 
showing that a polyclonal REST-GST antibody 
interacts with factors that bind specifically to 
the 32P-labeled type II RE1 sequence. Additions 
of competitor DNAs and antisera (preimmune 
and anti-REST) to nuclear extracts are indi- 
cated above each lane. RE1 is a 23 bp synthetic 
double-stranded competitor oligonucleotide 
representing the wild-type sequence. Mutant 
RE1 is a 23 bp competitor oligonucleotide that 
is inactive in both functional and gel retardation 
assays of HeLa cell nuclear extracts (e), L6 
skeletal muscle (b), and primary cultures of rat 
skeletal muscle (c). Inthe absence of additional 
components, the REl-binding protein complex 
shifts to the position shown by the arrowhead. 
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Figure 5. Expression of Recombinant REST in Neuronal Cells Si- 
lences the Type II Promoter Borne on CAT Reporter Genes, and a 
Dominant Negative Form of REST Derepresses the Promoter in Non- 
Type I-Expressing Cells 
PC12 and L6 cells were cotransfected transiently with type II re- 
porter (CAT) genes or with type II reporter genes and the REST CMV 
type II promoter were also silenced by REST (data not 
shown). REST expression had no effect on reporter genes 
lacking the RE1 sequence. These data, taken along with 
the Northern blot data (see Figure 3), suggest that low 
levels of REST are not sufficient to silence the type II pro- 
moter. When levels are increased, in this case by overex- 
pression of recombinant REST, the protein is sufficient to 
silence the type II promoter in neuronal cells. 
Conserved structural motifs for repressor domains in 
eukaryotic proteins are only beginning to be elucidated. 
Because none of the known motifs are present in the de- 
duced structure of REST, we sought to determine whether 
the DNA-binding and repressor domains of REST were 
structurally distinct. Toward this end, cDNA encoding just 
the REST DNA-binding domain was cloned into the CMV 
expression vector and cotransfected with REl-containing 
type II reporter genes into PC12 and L6 cells. In PC12 
cells, the level of expression of the type II reporter genes 
was the same in the presence or absence of the REST 
DNA-binding domain, indicating that coding sequences 
necessary for silencing activity were missing from the ex- 
pressed REST construct. As a consequence, it would be 
expected that the expression of the DNA-binding domain 
in L6 cells would compete with endogenous REST for bind- 
ing at the reporter gene RE1 site. Indeed, overexpression 
of the REST DNA-binding domain in the presence of the 
type II reporter gene resulted in a marked derepression 
of the type II promoter. The level of CAT activity observed 
as a result of the derepression was similar to the level of 
CAT expression directed by the minimal type II promoter 
(Kraner et al., 1992) alone in L6 cells (Figure 5). Overex- 
pression of the REST DNA-binding domain had no effect 
expression vector (REST), as denoted below each pair of lanes. The 
sites of transcriptional initiation are represented by the arrow. The 
term zinc (Zn) fingers refers to the putative DNA-binding domain of 
REST, which exhibits a dominant negative activity in this assay. Some 
of the type II reporter genes lacked the type II RE1, as indicated. 
CAT gene expression was quantified after thin layer chromatography 
fractionation of the acetylation products of [14C]chloramphenicol, Each 
sample is from transfection of a separate dish of cells. 
REST-Mediated Silencing of Neuron-Specific Genes 
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Figure 6. REST Expression in Nonneuronal Tissues during Mouse 
Development 
The pattern of expression of REST mRNA at E11.5 (A-D) and E13.5 
(E-H) was determined using in situ hybridization with 33P-labeled RNA 
probes. All of the sections comprise transverse slices cut from the 
trunk (A-D), hindbrain (E-F), or forebrain (G-H). Sections hown in 
(A)-(F) are presented with dorsal at the top of the section and ventral 
at the bottom. Sections hown in (A), (C), (E), and (G) represent bright- 
field views and those in (B), (D), (F), and (H) the corresponding dark- 
field views. (B) demonstrates abundant REST expression i  all tissues 
of the developing embryo except he neural tube (spinal cord) and 
spinal ganglia, in which only relatively ow levels of REST are observed. 
(C) and (D) represent higher magnification views of (A) and (B). (F) 
illustrates abundant expression of REST in E13.5 mesodermal struc- 
tures adjacent to the neural tube and significant (but not abundant) 
expression in the ependymal (proliferative/germinal) layer of the 
hindbrain (the innermost thin layer adjacent to the lumen) and in the 
cranial ganglia, but not in the differentiating hindbrain eurons. (H) 
reveals ignificant expression of-REST in the wider ependymal band 
of the E13.5 forebrain (the inner layer), but not in the differentiating 
neurons (the outer layer). Abbreviations: CG, cranial ganglia; D, dorsal; 
DA, dorsal aorta; FB, forebrain; M, meeoderm; NT, neural tube; N, 
notochord; SG, spinal ganglia; V, ventral. 
on the level of CAT activity directed by the minimal type 
II promoter. These data indicate that the DNA-binding 
and repressor domains of REST are distinct motifs and 
strengthen the supposition that REST is a critical compo- 
nent in nonneuronal cells for silencing the type II sodium 
channel gene. 
REST Is Present Early in Mouse Development and 
Is Expressed at High Levels in Nonneural Cells 
The in vivo significance of the reciprocal patterns of ex- 
pression of REST and type II sodium channel transcripts 
observed in the cell lines and selected adult tissues was 
extended and generalized by examining REST expression 
in day 11.5 (El l .5) and 13.5 (E13.5) mouse embryos 
through the use of RNA in situ hybridization (Figure 6). 
At E l l .5 ,  the REST mRNA was found to be present in 
abundance in all nonneural tissues (Figure 6B), supporting 
the hypothesis that the in vivo role of REST is to suppress 
neuronal gene expression in nonneuronal cells. Low level 
expression of REST was also observed in the ependymal 
(proliferating/germinal) layer (Figure 6D). At El l .5,  high 
level REST expression is still observed in all nonneural 
tissues (Figure 6F, bottom). In the hindbrain (Figure 6F) 
and forebrain (Figure 6H), low level expression in REST is 
still observed in the ependymal layer, but not in the more 
differentiated adjacent neurons in the mantle layer. In ad- 
dition, the neural crest-derived cranial ganglia express 
low levels of REST. The increasing expression of REST in 
the neural crest-derived ganglia supports our hypothesis 
that REST serves to silence the expression of the type II 
gene not only in nonneural tissues but in certain subsets 
of neuronal cells as well, in this case peripheral neurons 
derived from the neural crest. 
Discussion 
Identification of a Transcription Factor, REST, That 
Is Sufficient to Silence the Cloned Type II 
Promoter in a Neuronal-like Cell Line 
In this study, the cDNA encoding a functional REST pro- 
tein was isolated initially as a fusion protein with a yeast 
GAL4 activation domain. Although a similar strategy has 
been utilized previously to isolate cDNA coding for a mam- 
malian activator protein (Wang and Reed, t 993), this pa- 
per provides an example whereby cDNA coding for a mam- 
malian silencer protein has been obtained in the presence 
of a yeast activator domain. The largest putative REST 
DNA-binding domain isolated by this method encoded a 
cluster of eight zinc fingers of the C2H2 class and exhibited 
amino acid homology with the zinc finger region of the 
Drosophila represser Krfippel (Bellefroid et al., 1991). The 
zinc finger proteins comprise a large superfamily of tran- 
scription factors (reviewed by Coleman, 1992). Recent 
studies have indicated that an individual zinc finger has 
the capability to bind to a specific triplet of DNA (Pavletich 
and Pabo, 1991) and that zinc fingers have the ability to 
discriminate among triplets of similar nucleotides (Choo 
and Klug, 1994). The finding of eight zinc fingers in REST 
may explain the observation that the type II RE1 is a rela- 
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tively large (23 bp) transcriptional element and that no 
single mutation within the element abolishes silencing ac- 
tivity (Kraner et al., 1992). Further studies of the relation- 
ship between the RE1 nucleotides and mutations of spe- 
cific zinc fingers should provide useful information on 
properties of the REST DNA-binding domain. 
Rat PC12 cells express the endogenous type II sodium 
channel gene, and this channel contributes to membrane 
excitability of the differentiated cells (Mandel et al., 1988; 
D'Arcangelo et al., 1993). In keeping with this observation, 
PC12 cells lack both REl-binding activity (Kraner et al., 
1992) and endogenous REST m RNA (Figu re 3), permitting 
functional studies of the recombinant REST protein. The 
recombinant REST cDNA was determined to contain the 
entire ORF because of the presence of a Kozak consensus 
methionine, the agreement between predicted and ob- 
served molecular masses of native REST proteins in West- 
ern blot analyses, and the ability of the cDNA to direct 
synthesis of a protein of the same size as the native REST 
protein. Expression of this REST cDNA was sufficient to 
silence type II reporter genes in PC12 cells, indicating that 
REST is a fundamental component of the silencing activity 
described previously. In contrast, the zinc finger region of 
REST was not sufficient to silence the type II promoter 
in REl-containing reporter genes in PC12 cells. In fact, 
expression of the zinc finger region alone had a dominant 
interfering effect, causing a dramatic derepression of the 
type II promoter in L6 skeletal muscle cells that express 
the endogenous REST gene. These results indicate that, 
like other repressors and silencers (Licht et al., 1990; Han 
and Manley, 1993), the DNA-binding and silencing do- 
mains of REST are physically distinct. The KrLippel- 
associated box (KRAB) and polyalanine residues associ- 
ated with other classes of repressor proteins (Witzgall et 
al., 1994) are not present in REST. However, the ability 
to induce type II silencing in PC12 cells by transfection 
with REST cDNA will permit identification of the repressor 
motif in future studies. 
Molecular Models of Silencing Involving REST 
Several models can be envisaged to explain how the REST 
protein might silence the type II promoter (reviewed by 
Herschbach and Johnson, 1993). For example, REST may 
be a component in a mechanism that causes global 
changes in chromatin structure, such as is found in control 
of expression of the yeast mating-type locus (Laurenson 
and Rine, 1992). This possibility is unlikely because ex- 
pression of the recombinant REST protein is sufficient o 
silence type II reporter genes that lack native chromatin 
structure. Altern atively, REST may function by inactivating 
or squelching a protein that normally activates the type 
II promoter. This possibility also seems unlikely because 
previous studies (Kraner et al., 1992) have shown that 
silencing by REST requires binding in cis to the promoter. 
Finally, REST may silence by binding directly ~.o the initia- 
tion complex or indirectly through "corepressor" proteins. 
Further biochemical and structure-function analyses with 
the cloned REST cDNA will be required to examine the 
latter possibility. Interestingly, silencing through the type 
II RE1 appears to occur only in conjunction with a subset of 
promoters. The type II RE1, for example, does not mediate 
silencing of the thymidine kinase promoter very effectively 
(Maue et al., 1990), although it functions effectively on the 
promoters of other neuron-specific genes (Kraner et al., 
1991, 1992; Mori et al., 1992). All of these neuron-specific 
promoters lack a conventional TATA sequence. Further 
studies of the recombinant REST protein may reveal 
unique features of transcription from this class of pro- 
moters. 
Does Silencing Act as Both a Coarse- and 
Fine-Tuning Control Mechanism for Governing 
Neuron-Specific Expression of the Type II 
Sodium Channel Gene? 
The coarse-tuning hypothesis appears correct as a result 
of the observed reciprocal expression patterns of REST 
and the type II sodium channel mRNA in phenotypically 
distinct cell lines (L6 and PC12) and analysis of El1.5 
mouse embryos in which REST is found to be expressed 
at high levels in all nonneuronal tissues. Low levels of 
REST expression are observed in proliferating neuro- 
blasts, suggesting that complete down-regulation of REST 
expression is coupled to terminal differentiation rather 
than to neural induction per se. The fine-tu ning hypothesis 
receives support from the observed reciprocal expression 
patterns of REST and the type II sodium channel mRNA 
in DRGs and from analysis of E13.5 mouse embryos in 
which significant REST expression becomes detectable 
in the cranial ganglia, which suggests that REST expres- 
sion in the ganglia becomes up-regulated as they begin 
to differentiate terminally. The absence of REST expres- 
sion in E11.5 spinal ganglia suggests that the ganglionic 
neurons pass through a "general" neural state before dif- 
ferentiating to specific (peripheral and sensory) cell types. 
Further anatomical studies are required to exclude the 
possibility that REST expression in peripheral nerve tis- 
sues is due to contamination from nonneuronal cells. 
The simplest model to explain the above data is that 
REST acts as a digital on-off switch for type II gene expres- 
sion. However, PC12 cells that express the type II sodium 
channel gene also express low levels of REST mRNA, 
raising the possibility that the effects of REST could be 
graded. Additionally, the mechanism by which REST regu- 
lates other neuron-specific genes appears to be more com- 
plex than that regulating type II sodium channel gene ex- 
pression. For example, the type II gene is expressed 
preferentially in the CNS, while other REl-containing 
genes are panneuronal, suggesting the existence of a fam- 
ily of REST proteins. It has also been shown that the RE1- 
like sequence in the dopamine 13-hydroxylase g ne, unlike 
the type II gene, confers neuron-specific expression only 
in conjunction with the positively acting cAMP-responsive 
element (Ishiguro et al., 1993). Finally, the regulation of 
some neuron-specific genes, such as GAP43 (Nedivi et 
al., 1992), may not involve REST-mediated silencing at 
all. In this case, transcription could be activated in neu- 
ronal cells by proneural gene products. The role of the 
proneural genes would be analogous to the roles of MyoD 
and myogenin genes, which activate muscle gene expres- 
sion through binding to common target sequences in 
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genes encoding muscle-specific proteins (Weintraub et 
al., 1991). Furthe r studies are obviously required to resolve 
these issues. 
REST as a Key Component in Overriding the Default 
Pathway Leading to the Neuronal Phenotype 
Recent results from studies of early development have led 
to a model whereby vertebrate neural induction occurs 
through a default pathway (reviewed by Green, 1994). In 
the default model, the expression of neuronal traits occurs 
not because of the presence of specific activators, but 
rather because of the absence of repressors (e.g., activin) 
of the neuronal phenotype. Implicit in this model is the 
idea that the activin interactions with nonneuronal precur- 
sor cells stimulate an activity that in turn represses the 
expression of neuron-specific genes. We propose that 
REST could fulfill the role of a candidate molecule with 
the requisite repressor activities and tissue distribution. 
In this model, REST would silence a subset of genes es- 
sential for neuronal function, such as the sodium channel, 
in all undifferentiated and nonneuronal cells in the embryo. 
The genes silenced by REST might be expected to have 
deleterious effects on development if expressed in an ec- 
topic manner or at the wrong time in development. For 
example, it has already been shown that ectopic expres- 
sion of a neuronal sodium channel mRNA in developing 
Xenopus embryos causes precocious expression of func- 
tional potassium channels (Lindsell and Moody, 1994), 
suggesting that misexpression of voltage-dependent so- 
dium channels can have profound effects during develop- 
ment. The REl-regulated genes would become transcribed 
differentially later in development by the down-regulation 
of REST in specific neuronal cell types, perhaps in con- 
junction with the presence of other factors, as described 
above. 
Experimental Procedures 
Yeast Strains and Vector Constructs Used in the In Vivo 
One-Hybrid Screening Approach 
The in vivo screening strategy used required generating a yeast re- 
porter strain containing wild-type and mutated type II RE1 sequences 
(Kraner et al., 1992) cloned upstream of yeast promoters driving two 
different reporter genes, HIS3 and lacZ. For the initial screening, four 
copies of the 23 bp type II RE1 were cloned into the yeast expression 
shuttle vector pTH1 (Flick and Johnston, 1990; provided by Dr. S. 
Fields, State University of New York at Stony Brook) at a unique EcoRI 
site adjacent o the yeast GALl promoter. In this plasmid, denoted 
pJAC12, the GAL 1 promoter directs the expression of a yeast gene 
product hat confers growth on media lacking the amino acid histidine. 
Four copies of the type II RE1 were also cloned into the expression vec- 
tor pCZi3gal (Lue and Kornberg, 1987; provided by Dr. S. Fields, State 
University of New York at Stony Brook), to create pJAC13. In pJAC13, 
the type II RE1 sequences were positioned upstream of the yeast 
CYC1 promoter to regulate expression of a bacterial acZ gene. The 
orientation of each RE1 sequence in both the pTH1 and pCZi3gal 
vectors was confirmed by sequence analysis to be the same as the 
orientation of the single RE1 element in the native type II gene. The 
reporter plasmids were linearized and introduced sequentially into the 
yeast strain W303 (provided by Dr. R. Sternglanz, State University of 
New York at Stony Brook) by the LiAc method (Schiestl and Gietz, 
1989). Transformants were selected by growth on plates lacking uracil 
(HIS3 reporter) and tryptophan (lacZ reporter). Small-scale prepara- 
tions of total yeast genomic DNA were prepared from four colonies, 
according to the method of Sherman et al. (1986), to confirm integration 
of the pJAC12 and pJAC13 reporter vectors into the yeast genome 
by Southern blot analysis using the RE1, CYCl promoter, HIS3 gene, 
and TRP1 gene as probes. One of the transformants was then utilized 
for the subsequent cDNA library transformation. This reporter strain 
was assessed for growth on plates lacking histidine and screened 
for I~-galactosidase activity and, as expected, was negative for both 
markers. 
To eliminate false positives in the library screening, a second yeast 
reporter strain was also generated in which the four copies of the 
wild-type RE1 in each reporter vector were replaced with four copies 
of a mutant RE1 that had been shown previously to be inactive in 
factor binding and functional assays (Kraner et al., 1992). The mutant 
RE1 sequences were cloned into the sites described above and con- 
firmed by sequence analysis to be in the same orientation as RE1 in 
the native type II gene. After transformation i to the yeast strain W303, 
integration of the reporter vectors was confirmed by Southern blot 
analysis with the mutant RE1 and reporter gene probes. 
Isolation of REST cDNA 
The yeast reporter strain containing the two wild-type RE1 vectors 
was used as host for the introduction of a HeLa cell GAL4 activation 
domain cDNA library (provided by Dr. G. Hannon, Cold Spring Harbor 
Laboratory). After introduction of the cDNA library (corresponding to 
approximately 1 x 106 different mRNAs) into yeast cells by the LiAc 
method, the cells were plated in the absence of leuci ne (library marker) 
and histidine to select for transcription of the HIS3 reporter gene. Posi- 
tive transformants were then screened for lacZ expression by a modifi- 
cation of the filter assay described by Bartel et al. (1994) to detect 
transcription of the second reporter gene. In brief, colonies were spot- 
ted onto a Whatman filter and the cells made permeable by freeze- 
thawing the filter twice in liquid nitrogen. The filter was layered onto 
another filter soaked with buffer containing the substrate 5-bromo-4- 
chloro-3-indoyl-13-o-galactoside (X-Gal; Sigma). Filters were incubated 
at room temperature and monitored for the appearance of blue colo- 
nies. Although 100 colonies containing histidine were eventually iso- 
lated over a several day period, only four of them also expressed the 
lacZ reporter gene. The cDNA clones from these four colonies were 
purified by standard techniques (Bartel et al., 1994) and amplified in 
bacteria. The purified plasmids (Promega) were then reintroduced into 
the W303 yeast reporter strain carrying the mutant RE1 reporter plas- 
raids. Three of the cDNAs were shown to bind specifically to the type 
II RE1. The three cDNAs that fulfilled this criterion were sequenced 
using the chain termination method (Sanger et al., 1977; Sequenase 
version 2.0, United States Biochemicals). 
The full-length REST cDNA was obtained by probing a ZZAPII cDNA 
library (Stratagene) prepared from HeLa cell mRNA, with cDNA encod- 
ing the putative DNA-binding domain of REST (p73). Two overlapping 
cDNAs of 3082 bp (NH2) and 4408 bp (NHT) were aligned to determine 
the full-length cDNA depicted in Figure lb. The 5' terminus of the 
mRNA was determined by 5' RACE (Frohman et al., 1988). Of the 18 
RACE cDNAs sequenced, ten represented mRNAs that terminated 
prematurely and eight extended the NH2 cDNA by 37 bp, resulting in 
a deduced 5' untranslated region of 326 nt. The presumed initiator 
methionine conforms to the eukaryotic onsensus sequence (Kozak, 
1986) and is the first in-frame methionine in the 5' untranslated region. 
Generation of a Polyclonal REST Antibody 
A REST-GST fusion protein was generated by cloning a 1.5 kb EcoRI- 
Xhol fragment of clone p73 in frame with the GST cDNA in the commer- 
cial vector pGEX4T3 (Pharmacia). The fusion protein was produced 
in Escherichia coil (strain XL-1 blue Stratagene), purified using a gluta- 
thione-Sepharose column (Pharmacia), and used to immunize two 
rabbits (Pocono Rabbit Farms). The preimmune bleed was obtained 
in the rabbits prior to injection of the REST-GST antigen. 
RNA Hybridization and Western Blot Analyses 
Total cellular RNA from HeLa cells, PC12 cells, L6 skeletal muscle 
cells, and DRGs was isolated as described previously (-roledo-Aral et 
al., 1995) and was poly(A) ÷ selected using a commercially available 
kit (Pharmacia). For the Northern blots, 2-4 p.g of mRNA was fraction- 
ated on denaturing els and then electrophoretically transferred onto 
nylon paper for hybridization. The HeLa REST DNA probe was gener- 
ated by random prime labeling of an EcoRI-Xhol fragment of the clone 
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p73. A rat REST cD NA (600 bp) was obtained by RT-PC R of rat skeletal 
muscle (see below for details) and cloned into pGEM-7Z (Promega). 
To make the rat REST riboprobe, we linearized the vector with Accl 
and transcribed it with T7 polymerase in the presence of [~P]UTP 
(Dupont). The type II sodium channel-specific riboprobe is described 
by Mandel et al. (1988). For the rat REST and type II sodium channel 
riboprobes, the hybridization and washing conditions were as de- 
scribed previously (Toledo-Aral et al., 1995); for the human REST DNA 
probe, the hybridization and washing solutions were the same as those 
used for the riboprobes, but the blots were hybridized at 37°C and 
washed at 32°C. 
SDS-polyacrylamide gel elecrophoresis and Western immunoblot 
analyses were performed according to standard procedures (Sam- 
brook et al., 1989). Nuclei were resuspended in buffer A (Dignam et 
al., 1983) plus 1% Triton X-100, solubilized by adding an equal volume 
of twice-concentrated Laemmli sample buffer (Laemmli, 1970), and 
boiled for 5 min. Samples (100 tLg each for Figure 2b and 80 ~g each for 
Figure 2c) were subjected to SDS-polyacrylamide gel electrophoresis 
(7.5% polyacrylamide), and the proteins were transferred onto nitro- 
cellulose. The blots were blocked with 10% milk in TTBS overnight 
(Sambrook et al., 1989). Rabbit polyclonal IgG directed against the 
REST-GST fusion protein, purified by FPLC on an alkyl superose 
column (Pharmacia), was used at a 1:100 dilution. Detection of immu- 
noreactive bands was by the enhanced chemiluminescence method 
(Amersham). 
In Situ Hybridization 
A 600 bp fragment of mouse REST cDNA was obtained as follows. 
REST cDNA was synthesized from randomly primed mRNA prepared 
from the mouse G8 muscle cell line and then subjected to PCR by use 
of degenerate primers directed against the human cDNA sequences 
encoding portions of the first and last zinc fingers. The amplification 
product was cloned into a Bluescript vector (Stratagene) and se, 
quenced using the Sequenase kit (United States Biochemicals). In 
situ hybridization of embryo sections using a ~P-labeled antisense 
RNA probe containing the zinc finger domain was performed as pre- 
viously described (Frohman et al., 1990). Sections were scanned into 
a Macintosh Quadra, and the figures were composed using Adobe 
Photoshop. The sections shown in Figure 6 are representative of ap- 
proximately 200 serial sections examined from six embryos. Hybridiza- 
tion using a Hox-B1 antisense probe (Frohman et al., 1990) was in- 
cluded as a positive and specificity control; nonspecific hybridization 
was not observed (data not shown). 
Mobility Shift Assays 
Nuclear extracts from HeLa, L6, and primary cultures of rat embryonic 
skeletal muscle cells were prepared as described by Dignam et al. 
(1983). The extracts were preincubated 15 min at room temperature 
with either the indicated competitor DNA, REST-GST polyclonal anti- 
sera, or preimmune serum and then were incubated for 2 hr at room 
temperature with a 114 bp end-labeled type II probe containing the 
RE1 sequence. The samples were resolved on a 5% nondenaturing 
polyacrylamide gel and then subjected to autoradiography. 
Transient Transfection Assays for REST Function 
A fragment of the REST cDNA encoding the entire O RF (+ 124 to +5182 
of the mRNA; Figure lb) was subcloned downstream of the CMV pro- 
moter, between the Hindlll and BamHI sites, in the commercial mam- 
malian expression vector pCDNA1 -amp (InVitrogen). The recombinant 
expression plasmid is referred to as REST-Express. Rat PC12 cells 
were transfected by electroporation with 30 I~g of REST-Express and 
30 I~g of type II promoter-reporter plasmids (Kraner et al., 1992). The 
type II reporter and RSV-CAT plasmids have been described pre- 
viously (Kraner et al., 1992). The cells were harvested 48 hr after 
transfection, centrifuged, and lysed by freeze-thaw cycles. The super- 
natant was analyzed for CAT activity as previously described by Maue 
et al. (1990). A cDNA encoding the clustered zinc finger region alone 
was also cloned into the pCDNAl-amp vector. Cells were cotrans- 
fected by electroporation with 30 p.g of the truncated REST cDNA and 
30 I~g of type II promoter-reporter plasmid and assayed for CAT activity 
as described above. 
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